Penicillins may be regarded as acylation products of 6-aminopenicillanic acid ( Figure 1 ). This bicyclic dipeptide results from cyclization of L-Cysteinyl-L-valine (1) and is loosed into the culture medium in good yield when a strain of Penicillium chrysogenurn (W.51.20) is cultured in the absence of side chain precursors suitable for acylation at the 6-amino grouping (2) . With the attainment of commercially feasible fermentive production of 6-aminopenicillanic acid, the organic chemist can now carry out industrially practical terminal synthesis of known or new penicillins.
Alpha-phenoxyethylpenicillin [penicillin B, 6 -(a-phenoxypropioamido)-penicillanate, or phenethicillin-see Figure 1 ], the first marketed product of such industrial terminal penicillin synthesis, has not been identified as a naturally occurring penicillin. Special biological properties have been ascribed to this compound which also distinguish it from other penicillins (3) (4) (5) . These include: 1) resistance to acid (gastric) degradation; 2) excellent absorption from the gastrointestinal tract; 3) greater antibacterial potency. Slow penicillinase inactivation quite reasonably would be reflected in apparent in vitro superiority in antibacterial effectiveness against penicillinaseproducing bacteria. However, enhanced antibacterial effectiveness against nonpenicillinase-elaborating bacteria would require other explanation.
In part, the augmented antibacterial potency claimed for a-phenoxyethylpenicillin has been ascribed to the stereoisomerism inherent in the a-phenoxyethyl side chain characteristic of this penicillin. The L-isomer was reported to be generally more active than the D-isomer, and the racemate 1 more effective than either enantimorph * Supported in part by Grants E1792 and 2E39, National Institute of Allergy and Infectious Diseases, Bethesda, Md. 1 A product of an organic chemical synthesis, a-phenoxyethylpenicillin should be 50 per cent levo-and 50 (3) . In addition, both L-and DL-forms were alleged to be superior to phenoxymethylpenicillin (V) in antistaphylococcal effectiveness (3) .
Aminocarboxybutylpenicillin (penicillin N, synnematin B, cephalosporin N), a fermentation product of certain Cepha-losporium species, is a penicillin of natural occurrence (7) . In the side chain characteristic of this compound there is, also, an asymmetric carbon atom (see Figure 1) ; the structural configuration of this side chain a-aminoadipic acid moiety is D- (8) .
The influence of side chain optical activity upon the antibacterial potency of penicillins can be assessed thoroughly with a-phenoxyethylpenicillin, since L-, D-and DL-mixtures are all available.
Useful comparison of potency data regarding a-phenoxyethylpenicillins with other penicillins requires simultaneous assay of the antibacterial potencies of all of the penicillins under consideration, using identical test conditions. Accordingly, the antistaphylococcal effectiveness of L-, D-and racemic a-phenoxyethylpenicillin was tested at the same time as benzypenicillin (penicillin G), phenoxymethylpenicillin and aminocarboxybutylpenicillin, using a broth tube-dilution method.
Tellurite-positive (9) 
(1). 6-APA is an optically active compound, with configuration at carbon atoms 3 and 6 as indicated, which has but a low order of antibacterial potency. Both structural and optical configuration must remain intact for any derived penicillin to have a high order of antibacterial activity. Penicillins can be derived from 6-aminopenicillanic acid by acylation of the L-cysteine moiety (N). The acyl radicals indicated are precursor to the side chains which characterize the penicillins studied. Both aminocarboxybutyl-and a-phenoxyethyl-have optically active carbon atoms, indicated by asterisks. The former, in fermentation-produced penicillin N, is levorotary; the latter, in penicillin B, a product of terminal organic synthesis, is available as a quasi-racemate.1 tain to include strains capable of penicillinase elaboration-these are the penicillin-resistant staphylococci of clinical significance (10) . Penicillinase production appears to vary quantitatively among staphylococcal strains which are competent in this regard. There are penicillin-resistant staphylococci which have not been shown to elaborate penicillinase and, of course, those staphylococci which are markedly susceptible to penicillins do not make penicillinase. Techniques for detection of penicillinase activity are simple and sensitive; assay for this means of penicillin resistance was carried out with all of the staphylococci under study, using benzylpenicillin, phenoxymethylpenicillin and racemic a-phenoxyethylpenicillin.
MATERIALS AND METHODS
Staphylococci. Human associated staphylococci of community-wide origin (Salt Lake City) were used in testing. The total of 200 tellurite-positive (9) isolates were obtained by culture of: 1) lesions acquired by patients in the course of hospitalization, 50 isolates; 2) anterior nares of normal hospital personnel, 50 isolates; 3) lesions acquired outside the hospital, cultures taken prior to any antibacterial therapy, 50 isolates; 4) anterior nares of normal high school seniors, 50 isolates. Details regarding collection and storage of these isolates are the same as those given in an earlier communication (11) . (11) . Assessment of the reproducibility of the results of susceptibility testing by the method described was provided by 5 repetitions of testing with 2 staphylococcal isolates. Each test proceeded from an overnight tryptic digest of casein-papaic digest of soybean broth culture inoculated from the frozen storage culture with counting, dilution, inoculation of penicillin tubes, incubation and interpretation as described. Considering 5 tests at a given concentration of a particular penicillin with one strain of staphylococcus to be a unit of testing, there were 18 units per isolate (Table II) z that of stepwise gradation in effectiveness-variation in effect was between resistant and bacteriostatic, or, bacteriostatic and bactericidal; not resistant and bactericidal.
Penicillinase assay. Gots plates (13) were prepared, using a strain of Sarcina lutea6 which was inhibited in agar pour plates (Sarcina inoculum, 1: 100 final dilution of a 24 hour broth culture) by 5 X 10' jumoles benzylpenicillin per ml. Each staphylococcal isolate was inoculated from an overnight broth culture in the pattern of a small V described on a sixth sector of each of 3 kinds of plates-containing 10 /Amoles per ml of either benzyl-, phenoxymethyl-or DL-a-phenoxyethylpenicillin; all plates having been seeded with S. lutea (a 24 hour broth culture in 1: 100 final dilution. The plates were incubated at 37°C in moist air-candle jars and inspected at 24 hour intervals for 5 days for appearance of colonies of S. lutea juxtaposed to staphylococcal growth.
RESULTS
Since antistaphylococcal effectiveness was observed at three concentrations for each of the six 6 Kindly supplied by Mr. R. E. Rhodes, Microbiology Section, Smith, Kline & French Labs., Philadelphia, Pa.
FIG. 2. THE TOTAL HEIGHT OF THE COLUMNS INDICATES THE EXTENT OF INHI-BITION OF GROWTH (BAcTERIOSTATIc PLUS BACTERICIDAL EFFECT) OF 200 CLINICAL
ISOLATES OF TELLURITE-POSITIVE STAPHYLOCOCCI BY 6 PENICILLINS APPLIED AT 3 TEST CONCENTRATIONS. Aminocarboxybutylpenicillin was least potent. Benzylpenicillin and D-a-phenoxyethylpenicillin were about equally effective; both were superior to aminocarboxybutylpenicillin but were less potent than phenoxymethylpenicillin, L-ca-phenoxyethylpenicillin or DL-a-phenoxyethylpenicillin; the latter 3 penicillins were nearly identical in potency. Bactericidal potency, the stippled area of each column, varied in the same manner as did inhibition of growth. All of the penicillins tested were more effective when present in high concentrations.
penicillins studied, the results of susceptibility testing are presented (Figure 2) No difference in over-all inhibitory potency distinguished phenoxymethylpenicillin, DL-a-phenoxyethylpenicillin and L-a-phenoxyethylpenicillin. However, detailed comparison revealed that, while 51 of the 200 isolates were resistant, 117 were susceptible to these three penicillins. The remaining 32 isolates were resistant to one or two of the three penicillins, with 4 resistant to phenoxymethylpenicillin alone, 5 resistant only to DL-a-phenoxyethylpenicillin and 6 resistant just to L-a-phenoxyethylpenicillin (Figure 4) .
In terms of bactericidal action, the same potency relationships prevailed as were described for inhibition of growth. (Figure 4) .
In terms of bactericidal action, phenoxymethylpenicillin was significantly superior to aminocarboxylbutyl penicillin, but was not more active than the other penicillins tested. The pure diastereoisomers and the DL-mixture of a-phenoxyethylpenicillin were not significantly variable in potential for lethal effect. 0.100 utmole per ml. Aminocarboxybutylpenicillin was significantly less effective in securing either inhibition or death of staphylococci than was any of the five other penicillins-all of which were equally effective. Only one isolate was resistant to all six penicillins; another isolate, resistant to benzylpenicillin as well as to aminocarboxybutylpenicillin, was susceptible to the remaining four penicillins tested (Figure 4) . 
FIG. 3. THE ANTISTAPHYLOCOCCAL POTENCY OF AMINOCARBOXYBUTYLPENICILLIN (N), BENZYL-PENICILLIN (G), D-a-PHENOXYETHYLPENICILLIN (D-B), DL-a-PHENOXYETHYLPENICILLIN (DL-B) AND L-a-PHENOXYETHYLPENICILLIN (L-B) WAS EVALUATED BY COMPARISON WITH PHENOXY-METHYLPENICILLIN (V)
.
D-B D-a-phenoxyethylpenicillin
Resistont to 1 ra~cemic than with either pure diastereoisomer of a-phenoxyethylpenicillin, the authors noted that the differences were not statistically significant. Determination of the susceptibility of a significant number of clinical isolates of tellurite-positive staphylococci, as described in the present study, indicates that both L-and DL-a-phenoxyethylpenicillins are superior to D-a-phenoxyethylpenicillin.
There was no support from these data for the claim of augmented antistaphylococcal potency on mixing stereoisomers. Over-all, DL-a-phenoxyethylpenicillin was not significantly different in potency from L-a-phenoxyethylpenicillin at any of the concentrations tested (Figure 2) . In addition, when isolate-by-isolate comparison of the effectiveness of these three a-phenoxyethylpenicillins was carried out to determine just how often each was the sole inhibitor of a staphylococcal isolate (Table III) , no differences were found that were not apparent from the over-all susceptibility data ( Figure 2 ). If complementary effectiveness were gained from mixing D-and L-isomers, the DL-mixture should have been most often the sole effective form of a-phenoxyethylpenicillin. This was not so-these data do not support the notion of augmented potency ascribed to DL-mixture of a-phenoxyethylpenicillin. Yet, in affirming that the L-form was more potent than the D-form, the critical importance of optical configuration is asserted even in the side chain of penicillin. This importance is likely not critical in terms of clinical usage of a-phenoxyethylpenicillin since, generally, overtreatment is clinical practice. However, because chemical variation in acyl radical appears to be the only feasible approach to synthesis of new penicillins, side chain stereoisomerism should be considered in designing new penicillins for synthesis.
Garrod (19) compared in vitro the antistaphylococcal activity of benzylpenicillin, phenoxymethylpenicillin and a-phenoxyethylpenicillin (since isomeric designation was not made, it is assumed that a DL-mixture of a-phenoxymethylpenicillin was tested). With 36 "penicillin-sensitive" strains, there were no significant differences in effectiveness of the three penicillins by either plate or tubedilution testing.
Thirty-eight penicillin-resistant (penicillinaseforming) strains were also tested as part of the same study. When a small inoculum (an 0.02 ml drop of a 1: 500 dilution in saline of a broth culture) was applied to an agar culture medium containing penicillin in plate-dilution testing, the three kinds of penicillin were again effective to the same extent. However, by tube-dilution tests in which a large inoculum (an 0.02 ml drop of an undiluted broth culture) was used, both phenoxymethylpenicillin and a-phenoxyethylpenicillin were superior to benzylpenicillin. Moreover, a-phenoxyethylpenicillin was generally more effective than was phenoxymethylpenicillin. As noted by the author, tube-dilution testing with a large inoculum reflects primarily upon the effect of the preformed penicillinase added to the test system as part of the inoculum.
Preparation of inocula in the present study proceeded from broth cultures which by direct count usually had around 109 staphylococci per ml; accordingly, dilution to achieve the inoculum, 10,000 staphylococci per 0.9 ml, was at least 100,-000-fold. If Garrod's broth cultures for inoculation had attained bacterial populations of density similar to ours-say 5 x 109 per ml-his small inoculum would have delivered about 200,000 and his large inoculum about 250 million staphylococci (as added to 2.5 ml broth, there would have been about 10 million staphylococci per ml). From these considerations, our test situation was more nearly comparable (staphylococci versus penicillins and penicillins versus preformed penicillinase) to Garrod's small inoculum plate-dilution trials than to his large inoculum tube-dilution system. Even so, there remain differencesinoculum size, relative accessibility of penicillins to staphylococci, agar versus broth culture-of such significance that disagreement in results, if not inevitable, is at least not surprising.
Comparison of aminocarboxybutylpenicillin with benzylpenicillin by in vitro assay of antistaphylococcal effectiveness, using 30 isolates (20) and 7 isolates (21), indicated that penicillin N was markedly less inhibitory for staphylococci than was penicillin G. The data of the present study, relating to 200 staphylococcal isolates of recent, community-representative origin, support these findings-benzylpenicillin had greater antistaphylococcal potency than had aminocarboxybutylpenicillin. In addition, data were presented which assert that phenoxymethyl-and the a-phenoxyethylpenicillins are also, individually, more potent antistaphylococcal penicillins than is aminocarboxybutylpenicillin. However, penicillin N is remarkably more active than penicillin G against many species of gram-negative bacilli. Moreover, in addition to being an unusual penicillin in origin from Cephalosporium species-a non-Penicillium genus of the class Fungi imperfecti-the side chain of penicillin N is a hydrophilic, aminoacyl chain which is optically active (8) . Unfortunately, we can only speculate on what would be the antistaphylococcal activity of penicillins enantiomorphic and racemic to the tested D-aminocarboxybutylpenicillin.
Application of dense inocula of staphylococci to agar media containing low concentrations of penicillins (about five times the minimal concentration inhibitory for the indicator strain of S. lutea which was heavily seeded in the agar media) provided settings designed for demonstration of even meager penicillinase production. On the other hand, the broth susceptibility testing method used exposed small inocula of staphylococci, virtually without preformed penicillinase, to 10-, 100-and 1,000-fold greater concentrations of penicillins than were present in the tests for penicillinase activity. Thus, susceptibility testing and penicillinase assay conditions were sufficiently disparate in design (as in aim) to make reasonable the finding that fewer of the 200 staphylococcal isolates tested were inhibited by even 0.001 umole of the penicillins per ml than were found to be capable of inactivating these same penicillins. However, assay for penicillinase activity against benzyl-, phenoxymethyl-and DL-a-phenoxyethylpenicillin was carried out to determine whether or not there were differences among these penicillins in terms of susceptibility to staphylococcal penicillinase. Under the conditions of testing employed, there were no significant qualitative differences-results which are in agreement with those reported by McCarthy, Hirsch and Finland (5).
SUMMARY
On the basis of broth tube-dilution susceptibility testing with 200 recent clinical isolates of telluritepositive staphylococci, the potency of D-, L-and DLa-phenoxyethylpenicillins was compared with simultaneously and identically tested benzyl-, phenoxymethyl-and aminocarboxybutylpenicillins.
Differences in antistaphylococcal potency were noted which were quantitative: all of the penicillins were more effective when applied in higher concentrations. A potency sequence of the penicillins tested was apparent:
phenoxymethyl-L-a-phenoxyethyl-> benzyl-> D-a-phenoxyethyl-> aminocarboxybutylpenicillin DL-a-phenoxyethyl-J While both L-and DL-a-phenoxyethylpenicillin were superior to D-a-phenoxyethylpenicillin, there was no indication of augmented potency on the part of the DL-mixture in comparison with pure L-a-phenoxyethylpenicillin.
Although side chain optical configuration of a-phenoxyethylpenicillin had significant reflection in antistaphylococcal potency in vitro, the major therapeutic implication of this observation lies in the designing of new penicillins for terminal synthesis.
Alpha-phenoxyethylpenicillin, in any of its optical forms, was not a more potent inhibitor of staphylococci than was phenoxymethylpenicillin.
Benzylpenicillin, phenoxymethylpenicillin and DL-a-phenoxyethylpenicillin did not differ qualitatively in susceptibility to inactivation by staphylococcal penicillinase.
Despite the presence of an asymmetric carbon atom in the aminoacyl side chain of aminocarboxybutylpenicillin, the single enantiomorph studied was least effective of the penicillins tested as an inhibitor of staphylococci.
